Abstract-According to specific performance requirements, an integrated switched reluctance starter/generator system, which can start the engine and supply electrical energy to the loads, is designed and manufactured for the unmanned aerial vehicle. According to the required starting torque and speed range, the geometrical dimensions of the switched reluctance machine are calculated based on the output equation and further optimized with finite element analysis, and the fluxlinkage, inductance and static torque characteristics are illustrated. To verify the performances of the designed system, detailed simulation with the model considering piston engine and experiment using the test bench are carried out.
I. INTRODUCTION
Some big unmanned aerial vehicles (UAVs) are propelled by piston engines [1] . The engine needs to be started first, and then it operates as a prime mover and drives a generator to supply electrical energy. In traditional UAVs, a specific motor is used to start the engine, and a generator is adopted to produce electrical energy, which means the starting and generating function are separated. This type of arrangement makes the system complex, and increases the size and weight, which is undesired for aviation applications [2] .
The main motors suitable for the integrated starter/generator (ISG) system are permanent magnet machines and switched reluctance machines [3] [4] . Permanent magnet starter/generator (PMSG) has advantages like high power density and energy conversion efficiency [5] [6] . However, because the flux of the permanent magnets cannot be adjusted, the flexibility and stability of the PMSG under both stating and generating modes should be further improved.
Switched reluctance machine (SRM) is an attractive candidate for the ISG system due to its simple structure, high reliability, wide speed range, low maintenance requirement and so on [7] [8] . It can be used as a motor or a generator. When it works as the motor, the torque current ratio is high. When it works as the generator, the output power and the output voltage can be adjusted under different working conditions. It can also work in fault state when a phase defaults [9] .
In this paper, the integrated switched reluctance starter/ generator (SRSG) system for UAV is presented. The structure and size of the machine are determined based on the starting torque and speed range. Thereafter, the flux linkage, inductance and torque characteristics are obtained by static magnetic field analysis with the 2D FEA model. The starting and generating performances of the system are evaluated by simulation, where the torque characteristics of the piston engine during the starting process are considered. Furthermore, the starting performances of the system are verified by experiment as well.
The paper is organized as follows. In Section II, the design process and preliminary evaluation of the SRSG system are described in detail. The modeling and simulation of the system are illustrated in Section III. In Section IV, the experiments and analysis are carried out. Section V concludes this paper.
II. DESIGN AND PRELIMINARY EVALUATION
The schematic diagram of the integrated starter/generator is shown in Fig. 1 . The SRSG is coaxially connected to the piston engine. SRSG works in motoring mode and drives the engine and propeller when the starting phase controller receives the start command. It will stop working after the engine running at idle state. Then the SRSG will switch to generating mode when the system speeds up to the required minimum speed. 
A. Electromagnetic design
The empirical formulas are applied in electromagnetic design process based on design objects. Main structural parameters are calculated and verified by finite element calculation of electromagnetic field. 
The range of is generally 0.5-3. After determining T and , L stk and D r can be calculated by (2) .
In order to obtain larger output power and reduce the volt-ampere capacity requirement of the power converter, the air gap length g should be shorten as far as possible. However, due to the limitation of processing and assembly technique, as well as the consideration of reliable operation, g should not be too short. The air gap length g of small motor is no shorter than 0.25mm.
Stator pole width t s and rotor pole width t r can be calculated using 
where s and r are the stator and rotor pole arcs, respectively.
In order to ensure that the maximum magnetic density of the yoke is not oversaturated, the yoke height of stator y s and rotor y r are determined by The shaft diameter D sh of the motor should not be very small, otherwise it will affect the mechanical strength, as well as causing rotor vibration and eccentricity which would increase the motor noise. At the same time, it should not be too big. The appropriate shaft diameter should be chosen to provide a large second air gap and a high rotor yoke. It can be generally selected as
Series winding numbers of each phase can be calculated by 
Based on the above design process, the main parameters of the SRM are obtained and shown in Table I . The cross-sectional view of the stator and rotor are shown in Fig. 2 . 
B. Preliminary Evaluation 1) Static characteristic analysis
The magnetic field distribution, flux linkage , inductance L and torque T of the designed SRM can be analyzed and calculated with FEM. Thereafter, the static characteristics of the machine can be obtained, which is crucial to performance verification. As shown in Fig. 3 , the rotor gradually moves from the minimum inductance position to the maximum inductance position. The flux linkage first increases fast, which is easier to reach saturation. Then it grows slow, and the nonlinear relationship between flux linkage and current starts to present. Fig. 9 , w ide the cylinde ton. P k is the hich can be d al force P r . where V C is the combustion chamber space, s is the piston displacement, is the crank radius ratio.
2) Frictional resistance torque
The frictional resistance torque is demonstrated as
where V h is the working volume of engine horizontal bar, i is the number of engine cylinders, is the number of engine work cycles, P f is the average pressure of starting frictional resistance, k is the load factor, and is the angular velocity of the crankshaft.
P f is determined according to the following empirical equation. 
where is the viscosity of the lubricating oil at the starting temperature.
3) Inertial resistance torque
The inertial resistance torque can be expressed as
where T e is the electromagnetic torque. Fig. 10 shows the torque and speed response at starting stage.
B. Simulation 1) Starting stage
From the simulation results, it can be seen that in the low-speed zone, under the condition of fixed turn-on and turn-off angles, the output torque is no less than 20Nm, which meets the requirement of design. When speed reaches about 700 rpm, it declines more slowly at 1/2 cycle mode, which results in larger negative torque. Therefore, the angle position control (APC) should be adopted to optimize the turn-on and turn-off angles according to the efficiency. Fig. 13 nce ated can ngle tail, que characteristics of the design scheme are analyzed by the finite element method. The model of the switched reluctance starter/generator system considering the resisting torque of the piston engine is built in Matlab, and the starting and generating modes are simulated under different operating conditions. Furthermore, with the specialized test bench, the starting capability of the SRM prototype is evaluated by experiments. Both the simulation and experimental results indicate that the performances of the designed SRSG system meet the technical requirements. Further test, analysis and improvement will be carried out in the near future.
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